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Abstract: We present a generic method for the site-specific and differential labeling of multiple
cysteine residues in one protein. Phenyl arsenic oxide has been employed as a protecting group of
two closely spaced thiols, allowing first labeling of a single thiol. Subsequently, the protecting
group is removed, making available a reactive dithiol site for labeling with a second probe. For
proof-of-principle, single and triple Cys mutants of the sulphate binding protein of an ABC
transporter were constructed. The closely spaced thiols were engineered on the basis of the
crystal structure of the protein and placed in different types of secondary structure elements and
at different spacing. We show that phenyl arsenic oxide is a good protecting group for thiols
spaced 6.3–7.3 A˚. Proteins were labeled with two different fluorescent labels and the labeling ratios
were determined with UV-Vis spectroscopy and MALDI-Tof mass spectrometry. The average
labeling efficiency was 80% for the single thiol and 65–90% for the dithiol site.
Keywords: covalent modification; thiol chemistry; sulphate-binding protein; arsine oxide derivatives;
fluorescent labeling
Introduction
Functionalization of proteins is used for the introduc-
tion of fluorescent and other spectroscopic tags,1 for
the coupling of cofactors for catalysis,2 for electro-
chemical detection of ligand binding,3 and for the
immobilization of proteins on solid surfaces.4 Several
methods for chemical modification are available,
whereby the functionality is introduced to the protein
in either a covalent or noncovalent manner. Methods
have been reported in which a fluorescent tag is com-
plexed to the protein via a metal-ion chelating moiety,
which binds reversibly to a polyhistidine sequence
engineered at either the amino- or carboxyl-terminus
of the protein.5,6 A covalent bond can be formed via a
reaction between an activated ester of the tag and a
primary amine of the protein. However, proteins
generally contain several amine groups and labeling at
multiple sites will occur. A more specific method
involves the reaction between a unique cysteine resi-
due of the protein and a maleimide functionalized tag.
Under physiological conditions, the thiol moiety of
cysteine is generally the most reactive site in a protein
and, importantly, cysteines are relatively rare and
often proteins can be engineered to contain only one
or a few cysteine residues.
However, in several occasions, it is desirable to
create multiple, different covalent modifications in a
protein. For instance, one functionality may serve as a
detection aid whereas a second one may be needed for
immobilization of the protein. Furthermore, labeling
with two different fluorescent tags can yield a couple
with fluorescence resonance energy transfer (FRET),
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allowing protein dynamics to be studied either in en-
semble or at the single-molecule level. Most of the
published methods for the preparation of a protein
molecule with a donor and an acceptor fluorophore
require additional purification steps to isolate the cor-
rectly labeled protein from species with undesired
(non) labeling (Refs. 7,8, and references cited therein).
Recently, Smith et al.8 published a method to label
independently three different sites, each with a unique
fluorophore. The same method was used to first couple
a fluorescent tag and then immobilize the labeled pro-
tein on a surface containing maleimide residues.9 In
both studies, a zinc-finger domain was fused to a single
cysteine-containing protein. The zinc-finger domain is a
32 residue polypeptide with a Cys2His2 primary coordi-
nation sphere that binds Zn2þ reversibly and with high
affinity. Zn2þ binding protects the zinc-finger domain
from labeling with thiol-specific reagents, which react
with Cys residue(s) in the protein of interest. Subse-
quently, the Zn2þ is removed by treatment with ethyl-
ene diamine tetraacetic acid (EDTA), allowing labeling
of the zinc-finger domain. A third position for labeling
was created using the truncated version of the zinc-fin-
ger domain, in which the a-helix containing the two
histidines was deleted. This truncated version was fused
to the other terminus of the protein of interest and still
contained the dithiol that readily oxidized to a disulfide.
This dithiol was protected against labeling via forma-
tion of the disulfide bond.
Here, we present an alternative method to specifi-
cally modify a protein with two different labels (Fig.
1). The protein is engineered such that it contains one
isolated and two vicinal thiols. In the procedure, the
closely spaced thiols are protected by a reaction with
phenylarsine oxide (PhAsO). After labeling the single,
free thiol, the protecting group is removed by treat-
ment with a reducing agent and the resulting reduced
thiols are now accessible for labeling with a second
fluorophore. PhAsO complexes specifically with closely
spaced dithiols and forms a high affinity ring struc-
ture.10 The cyclic complexes formed with dithiols are
markedly more stable than the noncyclic compounds
formed with monothiols due to entropic considera-
tions.11 The dissociation constant for the arsenite com-
plex of dithrotiventol (DTT) was found to be 0.33
lM.12 An advantage of this method is that no extra
(flexible) domains are introduced into the protein and,
second, the positions of the thiols can be chosen stra-
tegically, especially if a crystal structure of the protein
is available.
For proof-of-principle of the method, we
addressed the sulphate-binding protein (SBP) from
Salmonella typhimurium. SBP is a periplasmic recep-
tor protein, which is an essential component of ABC
transporters involved in solute uptake.13 SBP and
other solute-binding proteins are known for their high
stability and consist of two domains linked by a hinge
region where the ligand is bound. A high-resolution
crystal structure for SBP is available.14 The wild-type
SBP is devoid of cysteine residues, and a set of
mutants was constructed containing an isolated cyste-
ine and a site with two vicinal cysteines.
Results and Discussion
Overexpression, purification, and ligand binding
activity of SBP
The gene encoding SBP from Salmonella typhimurium
was expressed in Escherichia coli under the control of
the PBAD promoter. A sequence encoding a tobacco
etch virus (TEV) protease cleavage site, followed by a
deca-His tag, was added to the 30 end of the gene. As
amplified expression of SBP with its signal sequence
resulted in incomplete processing of the signal sequence
(Supporting Information Figs. A and B), we removed
the signal sequence coding region and produced mature
SBP in the cytoplasm of E. coli with an approximate
yield of 6 mg SBP per liter of cell culture; the expres-
sion conditions are presented in Supporting Informa-
tion Fig. C). Using one-step metal affinity chromatogra-
phy, the protein was obtained at >99% purity.
The mass of the mature protein was determined
by MALDI-Tof mass spectrometry (Supporting Infor-
mation Figs. D and E). The mature protein had an
Figure 1. Principle of labeling with two different probes, using phenylarsine oxide (PhAsO) as a protecting agent. Procedure:
(A) Protection of dithiol by PhAsO; (B) labeling of single thiol; (C) removal of protecting group by DTT; (D) labeling of dithiol
site, either with thiol (dark green) or dithiol-directed (light green) functionalities.
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observed mass of 37,246 Da, which is 133 Da less than
the predicted mass, most probably resulting from the
removal of the N-terminal methionine (mass of 131
Da). It is known that many bacterial proteins are sub-
ject to post-translational modification in which a
methionine, in fact formyl-methionine, is excised.15
Moreover, we generally observed a second minor peak,
which for wild-type SBP corresponded to 36,972 Da
(and m/z of 18,488 for the doubly charged (M2þ) spe-
cies, see Supporting Information Fig. D, upper panel).
On cleavage of the proteins with TEV protease, the
doublet band disappeared and the observed mass was
in excellent agreement with the calculated mass of the
protein lacking the N-terminal methionine (Supporting
Information Fig. D, lower panel). Apparently, there
was heterogeneity at the carboxyl-terminus of the
expressed protein, presumably due to aberrant transla-
tion termination or post-translational processing. MS/
MS analysis of tryptic digests of SBP confirmed that a
fraction of the protein was synthesized with eight
rather than 10 C-terminal histidines (data not shown).
The mass of the cleaved protein was 1638 a.m.u. lower
than full length SBP with the deca-His tag, which cor-
responds to the loss of the C-terminal 13 residues. For
the most critical experiments, we used the TEV prote-
ase-treated monodisperse SBP as described later.
The ligand binding activity of SBP was determined
as described by Pardee.16 Radiation-less energy trans-
fer from excited tryptophan residues to CrO4
2
decreased the fluorescence intensity of SBP by a maxi-
mum of 85% (Supporting Information Fig. F, subpanel
I). By titrating the protein with increasing amounts of
CrO4
2, the dissociation constant (KD) of SBP for this
substrate analogue could be determined; the KD for
CrO4
2 was 1.6 lM Supporting Information Fig. F,
subpanels I and II). Using saturating amounts of
CrO4
2 (150 lM), we titrated the SBP-CrO4
2 complex
with sulphate. From the increase in fluorescence
(chasing of CrO4
2; Supporting Information Fig. F,
subpanel III) and the KD for CrO4
2, we determined
the KD for the natural substrate sulphate. The KD for
sulphate was about 0.3 lM; the data are summarized
in Table I. Because CrO4
2 was able to lower the pro-
tein fluorescence by 85%, most if not all of the SBP
must have been functional in ligand binding.
Engineering of surface-accessible thiol residues
Using the crystal structure of the cysteine-less SBP,14
we designed and constructed five mutants, each con-
taining a single isolated thiol (G289C) without addi-
tional thiols (ST) or combined with two closely spaced
thiols (RP1, RP2, RP3, and RP5, Table I; Supporting
Information Fig. G). The distance between the closely
spaced thiols, as measured from the crystal structure,
ranged from 5.3 to 7.3 A˚ (distance between Cb atoms).
Each of the proteins was purified to homogeneity and
characterized biochemically (e.g., Supporting Infor-
mation Fig. H). Importantly, the amino acid substitu-
tions did not negatively affect the binding of sulphate
(Table I).
Labeling strategy and properties of dithiol sites
Wild-type and mutant SBP derivatives were first
labeled with Oregon green-maleimide in the presence
and the absence of the protecting group PhAsO. After
binding to the Ni2þ-Sepharose resin, the protein was
incubated with 1 mM of DTT to reduce the cysteines.
To one sample, five column volumes (CV) of 1 mM of
PhAsO were applied; the other sample received five
CV of solvent. After incubation, Oregon green was
added to both samples to a final concentration of 83
lM. The Oregon green solution was added stepwise to
the column (five CV in total). In preliminary experi-
ments, we observed that the highest degrees of label-
ing were obtained by treating Ni2þ-Sepharose-bound
SBP with the Oregon green solution without prior
removal of the excess of DTT. After incubation for 60
min at room temperature, the nonreacted label was
removed by extensive washing of the resin with 20 mM
KPi, pH 7.0., and the proteins were recovered as
described in the Materials and Method section. The
labeling efficiencies of ST, RP1, RP2, and RP5 are pre-
sented in Figure 2. For RP3, virtually complete labeling
of the single thiol site was achieved but significant
labeling of the two vicinal thiols was not possible. Most
likely, the two neighboring thiols in RP3 rapidly oxi-
dized to form a disulfide bond, that is, before signifi-
cant reaction with the label could take place. Strong in-
dication for disulfide formation was obtained from the
differential migration of RP3 on SDS-polyacrylamide
gels in the presence and absence of reducing agents;
oxidization prevented RP3 from complete unfolding
and this protein species migrated faster than the
reduced form (Supporting Information Fig. H). In RP3,
the vicinal thiols are the closest spaced (distance Cb–Cb
is 5.3 A˚). Because the vicinal thiols in RP3 readily oxi-
dized, this protein was not used in further studies.
PhAsO protects dithiols from labeling
with maleimides
To demonstrate that PhAsO protects the two vicinal
thiols, the small ‘‘non–absorbing’’ thiol-specific reagent
N-ethylmaleimide (NEM) was used in combination
Table I. Engineered Sulphate Binding Proteins, Their
Protein Yields from 1 L of Cell Culture, and the KD






per liter) KD (lM)
WT none 7.0 0.29  0.06
ST G289C 5.7 0.18  0.01
RP1 Q20C, K23C, G289C 4.3 0.12  0.02
RP2 E19C, K23C, G289C 4.8 0.14  0.01
RP3 Q20C, I255C, G289C 5.7 0.17  0.03
RP5 V38C, R40C, G289C 8.6 0.39  0.01
Kuiper et al. PROTEIN SCIENCE VOL 18:1033—1041 1035
with PhAsO. Protein RP1 was either or not pretreated
with PhAsO as indicated in Table II. Next, the proteins
were either or not incubated with NEM, after which
excess maleimide was inactivated by DTT and the reac-
tion of PhAsO was reversed (samples A and C). B and D
represent the corresponding control samples. Finally,
the proteins were labeled with Oregon green. The two
scenarios for labeling of the vicinal thiols by Oregon
green are indicated. For condition D, no labeling with
Oregon green was observed as expected, indicating that
the (irreversible) reaction of the thiols with NEM was
complete. For conditions B and C labeling of the single
thiol site (Cys289) and the vicinal thiols was observed.
The apparent number of Oregon green labels per SBP
approached 2. Importantly, on PhAsO treatment, subse-
quent labeling with NEM and removal of PhAsO (condi-
tion A), the number of Oregon green labels per SBP was
approximately one, and half that of the samples B and
C. The residual labeling was presumably at the vicinal
thiol sites, and Cys289 was blocked by NEM.
MS analysis of singly labeled proteins
To confirm the identity of the labels at the single thiol
and dithiol sites, SBP was digested by trypsin and the
peptides w/wo thiol-specific labels were identified by
tandem mass spectrometry (MALDI-Tof MS-MS). Rel-
evant MS and MS/MS spectra demonstrating the iden-
tity of the labels at the thiol-289 site are shown in
Supporting Information Figure I. When PhAsO-pre-
treated RP1 was labeled with NEM, a 125.05 Da mass
increase was observed for LFTIDEVFC289GWAK;
labeling with Oregon green resulted in a mass increase
of 463.05. After removal of PhAsO and subsequent
labeling of SBP with Oregon green, a 926.1 Da mass
increase was observed for the tryptic peptide ELYE-
C20YNC23AFSAHWK, corresponding to labeling of
both Cys20 and Cys23. The sites of labeling were con-
firmed by MS/MS of the tryptic peptides.
To estimate the degree of labeling, MALDI-Tof
mass spectra were recorded of the full length proteins
treated according to conditions A, B, C, and D (Table
II). The doubly charged proteins (M2þ) gave the best
resolution in linear mode MS and therefore these m/z
values were used for the determination of the degree
of labeling. In Table III, the increases of theoretical
mass on labeling of RP1 are presented. Because
MALDI mass spectra of large proteins lack the high re-
solution of the MS and MS/MS spectra of the pepti-
des, the quantification of the degrees of labeling are
presented as approximate numbers (i.e., rounded off
to 5% increments). From the MS analysis, it was clear
Table II. Overview of the Procedure and Observed Labeling Efficiencies for RP1.
Experimental conditions A B C D
Reduction of thiols with DTT x x x x
Pretreatment with PhAsO (blocking of dithiols) x x
Incubation with NEM x x
Inactivation of NEM and removal of PhAsO by DTT x x
Incubation with Oregon green x x x x
Labelling efficiency
Theoretical (1 Oregon green/thiol) 2 3 3 0
Theoretical (1 Oregon green/dithiol) 1 2 2 0
Experimental (Oregon green/SBP) 0.9 1.8 1.8 0
To 0.25 mL bed volume of Ni2þ-Sepharose was added 50 lL of RP1 (56 lM). For protection of the
dithiol, five CV of 1 mM PhAsO in 20 mM KPi, pH 7.0 were added. For labeling with NEM, five CV
of 1 mM NEM in 20 mM KPi, pH 7.0 were subsequently added. Another CV of NEM in KPi was
added and the labeling reaction was continued for 60 min. The proteins were then treated with 4
CV of 112 lM Oregon green maleimide in 20 mM KPi, pH 7.0. Another CV Oregon green in KPi
was added and the labeling reaction was continued for 60 min as described in the Methods section.
x, step carried out to prepare the samples.
Figure 2. Labeling of SBP, wild-type and mutant
derivatives with Oregon green-maleimide. The degrees of
labeling with (white bars) and without (black bars) PhAsO
pretreatment are presented. The extent of labeling was
estimated from the ratio of the Oregon green to protein as
described in the materials and method section. To 0.25 mL
bed volume of Ni2þ-Sepharose resin was added 50 lL of
protein (25–40 lM). For protection of the dithiol, five CV of
1 mM PhAsO in 20 mM KPi, pH 7.0, were subsequently
added. The protein was then treated with four CV of 83 lM
Oregon green maleimide in 20 mM KPi, pH 7.0. Another CV
was added and the labeling reaction was continued for
60 min as described in the Methods section.
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that both thiols of the dithiol site of RP1 were labeled
with Oregon green.
Dye–dye interactions at the dithiol site
For the wild-type cysteine-less SBP, no significant label-
ing was observed as expected. In three independent
experiments, we determined by absorbance measure-
ments a labeling efficiency of 0.8  0.2 for the ST pro-
tein, close to the theoretical maximum of 1 Oregon
green per SBP. Pretreatment with PhAsO had no signifi-
cant effect on the labeling efficiency (see Fig. 2). The
RP1, RP2, and RP5 proteins had approximately 0.8 Ore-
gon green per SBP when pretreated with PhAsO, which
is in good agreement with the labeling efficiency of the
ST protein. Without PhAsO treatment, the labeling
degree increased to 1.7–1.8. These numbers are consist-
ent with one label on Cys288 and a second label on ei-
ther one of the two vicinal thiols. However, the MS
analyses indicated that both thiols of the dithiol site
could be labeled with Oregon green. It thus seems likely
that due to dye–dye interactions of closely spaced
labels,17 the Oregon green concentration was underesti-
mated in the absorbance measurements. In fact, the
increased intensity of the shoulder of Oregon green at
474 nm points to dye–dye interactions and thus a lower
than expected absorbance at 494 nm (kmax of Oregon
green; see Fig. 3). Most importantly, the spectroscopy
experiments together with the MS analyses indicate that
PhAsO protects the vicinal thiols from labeling without
having an effect on the derivatization of Cys288.
Labeling of SBP with two different fluorophores:
Oregon green and Alexa 350
In this series of experiments, the WT protein and the
mutants were labeled as outlined in Figure 1 with Ore-
gon green as label 1 and Alexa 350 as label 2. First,
the closely spaced thiols were protected by treatment
with PhAsO. Subsequently, the Cys288 was labeled
with Oregon green. After removal of the protecting
group by DTT, the resulting free thiols were labeled
with Alexa 350. As a control, the wild-type SBP was
treated in the same way. In Figure 4, the resulting
UV-Vis absorption spectrum of Oregon green-Alexa
350-labeled RP5 protein is presented. Clearly, the ab-
sorbance peaks of the protein (280 nm), Alexa 350
(345 nm), and Oregon green (495 nm) can be
observed. In Figure 5, the degrees of labeling, esti-
mated from the UV-vis absorption spectra, are pre-
sented. As expected, the wild-type protein was not la-
beled. The mutants RP1, RP2, and RP3 were labeled
with Oregon green for 80–85% at Cys288. For Alexa
350, we estimated by UV-Vis absorbance measure-
ments more than one label per dithiol, indicating that
closely spaced Alexa dyes influenced each other less
than Oregon green dyes did.
MS analysis of doubly labeled proteins
To obtain an estimate of the number of labels at the
closely spaced dithiol site, mass spectra of the proteins
were recorded. The overall results are presented in
Table IV. The results for the control wild-type protein
was as expected, that is, no labeling. For ST, the ma-
jority of protein was labeled with one fluorphore. For
RP1 and RP5, we could observe peaks corresponding
to protein without label, protein with one label, corre-
sponding to Oregon green at Cys289, and protein with
two or three labels, corresponding to Oregon green at











A n.a. 1 NEM plus 2 OG 1051 n.a.
B 19,327 38,655 3 OG 1389 1431
C 19,320 38,641 3 OG 1389 1417
D 18,800 37,601 3 NEM 375 377
M2þ and Mþ are doubly and singly charged protein species. OG, Oregon green.
Figure 3. UV-Vis Spectrum of RP1 after treatment as
described in Table II, procedure A (continuous line); the
concentration of Oregon green-labeled protein was 2.7 lM.
For comparison (the shoulder at 474 nm in the absorption
spectrum is much less pronounced when not bound to the
sulphate binding protein), a spectrum of Oregon green
incubated with excess mercaptoethanol is also shown
(dashed line). For the control sample, Oregon green was
first solubilized in DMF (4.2 mM) and then diluted with 20
mM KPi, pH 7.0, and 1 mM mercaptoethanol to a final
concentration of 2.5 lM.
Kuiper et al. PROTEIN SCIENCE VOL 18:1033—1041 1037
Cys289 and one or two Alexa 350 dyes at the dithiol
site (Fig. 6; data not shown). In different independent
experiments, we observed 80% labeling of Cys288
(Oregon green) and 65–90% labeling of the dithiol site
(Alexa 350).
Resonance energy transfer between Trp
and Alexa 350
The Alexa 350 and/or Oregon green-labeled proteins
were also assessed by fluorescence spectroscopy. The
chromophores were excited at their respective wave-
lengths maxima (283 nm for SBP; 348 nm for Alexa
Fluor 350; and 489 nm for Oregon green) and the
emission spectra were recorded. Calibration curves
were constructed from solutions with known concen-
trations of free dye. Intrinsic protein fluorescence
measurements with excitation at 283 nm and emission
at 334 nm suggested concentrations much lower
(50-fold) than estimated from UV/Vis absorbance
measurements. In contrast, fluorescence measure-
ments at the emission maximum of Alexa 350 (i.e.,
441 nm) and excitation at 348 nm indicated a three-
fold higher signal than expected. These observations
point toward resonance energy transfer (RET) between
excited tryptophans in the protein and Alexa 350. We
did not observe significant changes in the RET signal
on binding of sulphate to RP1, RP2, and RP5. For the
wild-type protein (control, no labels), the fluorescence
Figure 5. Labeling efficiency of wild-type and mutant SBP.
Oregon green was the first label and Alexa 350 the second.
Values were determined by UV-Vis spectroscopy.
Figure 4. UV-Vis Spectrum of RP5 (3.2 lM of protein in
100 lM EDTA, 2 mM Tris-HCl, pH 8.0) after labeling with
Oregon green and Alexa 350. To 0.25 mL bed volume of
Ni2þ-Sepharose was added 50 lL of RP5 (40 lM). For
protection of the dithiol, five CV of 1 mM PhAsO in 20 mM
KPi, pH 7.0, were subsequently added. The protein was
labeled with 4 CV of 83 lm Oregon green maleimide in 20
mM KPi, pH 7.0. Another CV of Oregon green in KPi was
added and the labeling reaction was continued for 60 min.
Subsequently, after deprotection, the protein was treated
with four CV of 80 lM of Alexa Fluor 350 maleimide in 20
mM KPi, pH 7.0. The column was incubated with one extra
CV of the Alexa Fluor 350 solution and the labeling reaction
was continued for 60 min.
Table IV. The Expected and Experimental Mass









WT No label 0 0 (100%)
ST No label 0 (15%)
1 OG 463 472 (85%)
RP1 No label 0 (5%)
1 OG 463 470 (20%)
1 OG plus 1 Alexa 350 939 944 (35%)
1 OG plus 2 Alexa 350 1415 1408 (40%)
RP5 No label 0 (10%)
1 OG 463 454 (25%)
1 OG plus 1 Alexa 350 939 952 (35%)
1 OG plus 2 Alexa 350 1415 1422 (30%)
The fractions of different protein species were estimated from
the peak heights within the mass spectra (an example is given
in Fig. 6). Given the uncertainty of quantification from MS
spectra, measurements from different experiments were used
to estimate and summarize the labeling efficiencies and the
data were rounded to 5%.
Figure 6. MALDI-Tof spectrum of RP1 after TEV protease
cleavage and labeling with Oregon green at Cys289 and
Alexa 350 at the dithiol site.
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intensities in the UV were in accordance with the UV/
vis measurements.
Conclusions
We have demonstrated that it is possible to label a
protein via thiol chemistry with two different dyes,
that is, by using PhAsO as protecting group. Two
closely spaced thiols can be protected reversibly by
PhAsO. In comparison with the method of De Lorim-
ier et al.,9 the modifications made to the protein (three
single amino acid substitutions) are small and the
engineered triple-thiol mutants were fully functional.
The SH groups of the dithiol sites, which were approx-
imately 6.3–7.3 A˚ apart, did not readily form disulfide
bridges. We noted that pairs of cysteines that readily
form disulfides (RP3) are well protected from labeling
with maleimide-derivatives. However, it is difficult to
keep such pairs reduced under conditions of labeling
with the second fluorophore. On the contrary, two cys-
teines separated by two (RP1) and three (RP2) resi-
dues present in an a-helix did not rapidly reoxidize on
removal of DTT. The same holds true for two cysteines
separated by one residue in a b-sheet (RP5). The strat-
egy for dual labeling of proteins outlined here and the
conditions for spacing of the vicinal thiols should be
generally applicable. In case a protein structure is not
available, suitable surface-exposed sites might be




Ni2þ-Sepharose was purchased from GE Healthcare,
Imidazole from Carl Roth Chemicals (Kahlsruhe, Ger-
many) and Phenylarsine oxide from Sigma-Aldrich
(Zwijndrecht, The Netherlands). Oregon green and
Alexa Fluor 350, both with a maleimide reactive
group, were purchased from Invitrogen (Breda, The
Netherlands). NAPTM five columns were purchased
from GE Healthcare (Buckinghamshire, UK).
Construction of the mutants
Plasmid pBADMycHisB (Invitrogen) was cut with PstI
and SalI, which yielded a vector fragment of 4020 bp
and an exit fragment of 72 bp. A linker fragment, con-
taining a PstI and XbaI site, followed by a TEV-encod-
ing sequence, a SpeI site, a 10-histidine tag-encoding
sequence (in frame with the TEV sequence) and finally
a SalI site, was ligated into the vector fragment. The
linker fragment was obtained by hybridizing two com-
plementary oligonucleotides with the following sequen-
ces: 50-gt cta gag aaa acc tgt att ttc agg gca cta gtc atc
atc atc acc atc atc atc acc atc att aag 30 and 30-acg tca
gat ctc ttt tgg aca taa aag tcc cgt gat cag tag tag tag tgg
tag tag tag tgg tag taa ttc agc t 50. The resulting vector
was named pERG1.
The gene encoding the sulphate binding protein
(SBP) from Salmonella typhimurium LT2 was ampli-
fied by PCR, using genomic DNA as template; forward
and reverse primers introduced a NcoI site (at the 50
end) and a XbaI site (at the 30 end), respectively. Fol-
lowing digestion of pERG1 with NcoI and XbaI, the
PCR fragment containing the sbp gene was ligated into
vector, resulting in pJMK1. To express the sbp gene
without signal sequence (MKKWGVGFTLLLASTSILA),
the first 57 base pairs of sbp were removed; the
mature SBP without signal sequences started with
the following sequence: MAKDI. For convenience, the
numbering of the amino acids is the same as used in
the crystal structure,14 that is, K is amino acid number
1, D is two, I is three, etc. Site directed mutagenesis
(Stratagene Quik-Change mutagenesis kit) was
employed to mutate amino acids to cysteine residues.
Point mutations that have been made are as follows:
E19C: GAG ! TGC; Q20C: CAG ! TGC; K23C:
AAA ! TGT; V38C: GTG ! TGC; R40C: CGC !
TGC; G289C: GGC ! TGC; and I255C: ATA ! TGC.
Through multiple rounds of mutagenesis, several
mutations were combined as summarized in Table V.
Cell growth and protein purification
The final constructs were transformed to E. coli
MC1061. The bacteria were cultivated at 37C in Luria
Broth under vigorous aeration (shake flasks). The me-
dium was supplemented with 50 lg/mL ampicillin to
maintain the plasmids. Protein expression was induced
by adding 0.01% (wt/vol) L-(þ)-arabinose to the cul-
tures when OD660 reached 0.5. Ninety minutes after
induction, the cultures were cooled on ice and centri-
fuged to pellet the cells at 4C (12,250g, 12 min). All
steps during the purification were performed at 4C,
unless indicated otherwise. The cells were washed with
20 mM Tris-HCl, pH 8.0. After centrifugation at
12,250g for 12 min, the pellet was concentrated to an
OD660 of 40 in 20 mM Tris-HCl, pH 8.0. To this sus-
pension was added 1 mM MgCl2, RNAase, and DNAase
(both 0.1 mg/mL). Subsequently, the cells were dis-
rupted by a threefold passage through a French pres-
sure cell at 10,000 psi. The cell lysate was centrifuged
for 10 min at 10,000g to remove cell debris and
unbroken cells, and the supernatant was centrifuged at
184,000g. The cytosolic lysate fraction was aliquoted







RP1 pRP1 Q20C, K23C, G289C a-helix
RP2 pRP2 E19C, K23C, G289C a-helix
RP3 PRP3 Q20C, I255C, G289C —
RP5 PRP5 V38C, R40C, G289C b-sheet
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(2 mL volumes), rapidly frozen in liquid nitrogen, and
stored at 80C until further use.
For the purification of SBP, 8 mL of cytosolic
lysate material was incubated with 1 mL of washed
(Millipore water) Ni2þ-Sepharose resin (2 mL slurry)
for 1 to 2 h at 4C with rotation. The resin was washed
with six CV of 50 mM Tris-HCl, pH 8.0, 20 mM imid-
azole and then with 15 CV of 50 mM Tris-HCl, pH 8.0,
50 mM imidazole. The protein was eluted with 50 mM
Tris-HCl, pH 8.0, 500 mM imidazole and the purity
was checked by SDS-PAGE. To the purified protein
sample, Na-EDTA was added to a final concentration of
1 mM. The excess of imidazole was removed on a NAP
size-exclusion column. The elution buffer contained 1
mM EDTA, 20 mM Tris-HCl, pH 8.0. Next, the protein
solution was dialyzed against a solution of 2 mM Tris-
HCl, pH 8.0 plus 1 mM EDTA and supplemented with
Dowex X1/2, a strongly basic anion resin, to remove
contaminating sulphate. In the second dialysis step,
EDTA was omitted from the buffer. Aliquots of the puri-
fied protein were flash-frozen in liquid nitrogen and
stored at 80C and proved stable for several months.
When appropriate the protein was cleaved with
TEV protease to remove the C-terminal histidine tag.
This digest was performed in 50 mM Tris-HCl, pH
8.0, 0.5 mM EDTA, and 1 mM DTT overnight at 4C.
The TEV protease was added in weight ratio of protein
to protease of 40:1.
Protein labeling
Labeling in the presence and absence of
PhAsO. To the purified SBP, bound to the Ni2þ-
Sepharose resin, was added a solution of 1 mM DTT in
20 mM KPi, pH 7.0. The mixture was incubated for
60 min at room temperature with gentle mixing. Next,
the resin was washed with four CV of 1 mM DTT in 20
mM KPi, pH 7.0. For protection of the dithiol, five CV
of 1 mM phenylarsine oxide (PhAsO) in 20 mM KPi,
pH 7.0, were subsequently added. After incubation at
room temperature for 15 min, four CV of Oregon green
in 20 mM KPi, pH 7.0 were subsequently added. The
concentration of label (e.g., Oregon green) was at least
10 times higher than the concentration of SBP.
Another CV of Oregon green solution was added and
the mixture was incubated for 60 min at room temper-
ature with gentle mixing. Then, unreacted Oregon
green was removed by excessive washing (20 CV) with
20 mM KPi, pH 7.0. Arsenite was removed by subse-
quent addition of 10 CV of 1 mM DTT in 20 mM KPi,
pH 7.0. DTT was then removed by excessive washing
(20 CV) with 20 mM KPi, pH 7.0. Labeled SBP was
eluted as described in the purification section. After
elution, EDTA was added to a final concentration of 1
mM. The excess of imidazole and possible unbound
dye were removed by chromatography over a NAP
column. The elution buffer contained 1 mM EDTA,
20 mM Tris-HCl, pH 8.0.
Labeling with two fluorophores. The initial
steps were the same as described in the previous sec-
tion, that are, the reduction with DTT, protection with
PhAsO, labeling with Oregon green and removal of the
protecting group. The protein labeled with Oregon
green was then treated with 4 CV of Alexa Fluor 350
in 20 mM KPi, pH 7.0. Next, the column resin with
bound SBP was incubated with 1 CV of Alexa Fluor
350 solution for 60 min at room temperature and gen-
tle rotation. Unreacted Alexa Fluor 350 was removed
by excessive washing with 20 mM KPi, pH 7.0. La-
beled SBP was eluted as described in the purification
section. After elution, EDTA was added to a final con-
centration of 1 mM. The excess of imidazole and possi-
ble unbound dye were removed by chromatography
over a NAP column. The elution buffer contained
1 mM EDTA, 20 mM Tris-HCl, pH 8.0.
Determination of ligand dissociation constants
Purified SBP (stock concentrations of 20–50 lM) was
diluted to 0.2–0.5 lM into 2 mM Tris-HCl, pH 8.0 at
20C; the buffer solution was pretreated with Dowex
X1/2 to remove contaminating SO4
2. Increasing
amounts of chromate were added under continuous
stirring and the decrease in fluorescence was recorded
on a Fluorolog 3 fluorescence spectrophotometer; the
excitation and emission wavelengths were 285 and
325 nm, respectively.18 To determine the dissociation
constant for SO4
2, chromate was used at a final con-
centration of 150 lM and the fluorescence increases
were recorded on stepwise addition of sulphate. The
dissociation constants were determined using the
equation of Kragh-Hansen19: [SBP-SO4
2]/[SBP-
CrO4
2] ¼ KD(CrO42)/KD(SO42)  [SO42]tot/
[CrO4
2]tot. [SBP-SO4
2] refers to the concentration of
SBP with bound SO4
2, [SBP-CrO4
2] to the concen-
tration of SBP with bound CrO4
2, [SO4
2]tot to the
total concentration of SO4
2, and [CrO4
2]tot to the
total concentration of CrO4
2.
Determination of the fluorophore labeling
stoichiometry
For labeling efficiencies, UV-Vis absorbance spectra
were recorded on a Cary 100 UV/Vis spectrophotome-
ter. The percentage of labeling was determined, using
the molecular absorption coefficients shown in Table
VI and making the appropriate corrections. The molec-
ular absorption coefficient for SBP was calculated
according to Pace et al.20 The molecular absorption







Oregon green 11,550 5780 82,500
Alexa Fluor 350 4180 19,000 0
SBP 57,000 0 0
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coefficients for Alexa Fluor 350 and Oregon green
were obtained experimentally.
Mass spectrometry
The protein samples were further purified on C8 Top
Tip 10 ll (Glygen Corp., Columbia, USA). Mass spectra
were recorded on an Applied Biosystems 4700 proteo-
mics analyzer and standard protein samples (bovine
serum albumin; yielding multiply charged species at
m/z values of 66,431, 33216, 22,144, and 16,608) were
used for (internal) calibration of the spectra. Protein
samples were spotted on a stainless steel MALDI tar-
get with a-cyano-4-hydroxy cinnamic acid at a final
concentration of 2.5 mg/mL.21 For the full length pro-
teins, the MALDI-Tof was operated in linear positive
ionization mode.
To confirm the nature of the labels on the protein,
purified SBP was subjected to digestion for 6 h at 37C
with trypsin (Trypsin Gold, MS-grade; Promega, Leiden,
The Netherlands) in 0.04M ammonium bicarbonate, pH
8.0, containing 10% acetonitrile; the trypsin to SBP ratio
was 1:50. The reaction was stopped by addition of tri-
fluoreacetic acid (TFA) to a final concentration of 0.8%
(v/v). Subsequently, the peptide digests were mixed 1:1
(v/v) with a solution of a-cyano-4-hydroxycinnamic acid
matrix (5 mg/mL, LaserBio Labs, Sophia-Antipolis,
France), spotted directly on a stainless steel MALDI tar-
get and analyzed using a 4800 Proteomics Analyzer
MALDI-Tof/Tof mass spectrometer (Applied Biosys-
tems, Foster City, CA). The laser has a constant output
of 20 lJ and on average 4000 laser shots were used to
acquire the mass spectra. For the digested peptide sam-
ples, the MALDI-Tof/Tof was operated in reflectron pos-
itive ionization mode in the m/z range 800–4000.
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